(NMDARs) in the central nervous system play critical roles in synaptic plasticity, synaptogenesis, and excitotoxicity [1, 2, 3] .
Functional NMDARs are believed to be tetrameric complexes assembled from two GluN1 and two GluN2 (GluN2A-2D) subunits [4, 5] . Different NMDAR subtypes have distinct channel properties, such as open probability and time-course of currents [6] . Moreover, the surface expression and synaptic localization of different NMDAR subtypes are distinct and differentially regulated during development and in response to neuronal activity and sensory experience.
At nascent synapses, NMDARs predominantly contain GluN2B. During postnatal development, there is an increase in the expression and subsequent surface localization of GluN2A-containing NMDARs [7] . Neuronal activity may bidirectionally remodel the synaptic localization of NMDAR subtypes. Chronic activity enhances the levels of GluN2A-containing NMDARs at synaptic sites, while blockade of activity promotes the surface expression of those containing GluN2B [8] .
The GluN2 subunit plays critical roles in controlling the surface expression and synaptic localization of NMDARs.
It has an intracellular C-terminus which may interact directly with other scaffolding proteins, adaptor proteins, or downstream signaling proteins. The PDZ-binding motif at the distal end of the C-terminus directly interacts with PSD-MAGUK proteins, such as PSD-95 and SAP102 [9, 10] and this interaction promotes NMDAR clustering [11] , surface expression [12] , and the targeting of GluN2A versus GluN2B to synapses [13] . Furthermore, the C-terminus of the GluN2 subunit contains several sites for post-translational modification such as phosphorylation and palmitoylation, which may contribute to the distinct regulation of NMDAR subtypes [14] .
In this study, by imaging surface NMDARs using a Cy3-conjugated Fab fragment of GFP antibody, we found that the GluN2A-containing NMDARs were more clustered, while those containing GluN2B were more diffuse in both immature and mature hippocampal neurons. And the clustering distribution of the GluN2A-containing NMDARs was determined by the subunit C-terminus.
MATERIALS AND METHODS

DNA Constructs
C o n s t r u c t i o n o f E G F P -G l u N 2 B , E G F P -G l u N 2 A ,
ECFP-GluN2A, and ECFP-GluN2B was as described previously [5, 15] . GFP or CFP was tagged to GluN2B or GluN2A at the extracellular N-terminus. EGFP-PSD-95
and EGFP-SAP102 were gifts from S. Visini (Georgetown University, Washington, DC). To generate the GFPGluN2A-Δ7 or CFP-GluN2A-Δ7 construct, the first two primers, (5'-TGTAGCGATGTTGACCGCACCTACA-3'
and 5'-AGGCAGATCTTACTTGTACACTCGTCTATTGCT GCAGG -3'), were designed and used in PCR cloning of the cDNA sequence encoding the C-terminal tail of GluN2A lacking the PDZ binding domain (PSIESDV) [9] , using the original EGFP-GluN2A or ECFP-GluN2A construct as template. Then the BglII-treated original GFP-GluN2A or CFP-GluN2A construct and the PCR fragments were ligated with T4 ligase. The construction of GFP/CFPGluN2A-Mut3 was similar to that of GFP/CFP-GluN2A-Δ7
and subcloned with PCR products encoding the C-terminal tail of GluN2A which had 11 amino acids identical to GluN2B. GFP/CFP-GluN2B-C GluN2A was constructed to replace the complete C-terminal of GFP/CFP-GluN2B with the complete C-terminal of GluN2A. GFP/CFP-GluN2A-C GluN2B was constructed to replace the complete C-terminal of GFP/CFP-GluN2A with that of GluN2B. All constructs were verifi ed by DNA sequencing.
Neuron Culture and Transfection
Primary hippocampal cultures were prepared from one-day postnatal Sprague-Dawley rats as described previously [15] . Briefly, the hippocampi were chopped and mL Neurobasal medium, and incubated for 3 h at 37°C.
The cells were then rinsed in Neurobasal medium and the original medium was added.
Generation of Cy3-conjugated Anti-GFP Fab Fragment
Glutathione S-transferase (GST) and histamine (HIS) fusion GFP proteins were cloned, expressed, and purifi ed using conventional methods. A polyclonal antibody to GFP was generated by immunizing rabbits with GST-GFP 
Surface Staining and Immunocytochemistry
Anti-GFP surface staining was performed as previously described [15] . Briefly, coverslips were incubated with rabbit polyclonal antibody against GFP for 7 min at room temperature, then, after washes, neurons were incubated with Alexa546-conjugated goat anti-rabbit were determined by a threshold set at twice the average dendritic gray value, and the number of clusters from at least 5 dendrites extending at least 100 μm was measured.
Average total intensity per 10 μm of surface staining was analyzed with MetaMorph software. Five dendritic sections were measured and averaged to give a value for each cell included. Co-localization with PSD-95, SAP102, and synaptophysin was defined as having overlapping or adjacent pixels. All data were analyzed using SPSS version
(SPSS, Chicago, IL). Statistics were calculated with
Student's t test, and signifi cance was set at P <0.05. Data are expressed as mean ± SEM.
RESULTS
Distribution Pattern of Surface NMDARs in Cultured Hippocampal Neurons during Development
To explore the distribution patterns of surface NMDARs, we transfected GFP-tagged GluN2 plasmids (GFP-GluN2A or GFP-GluN2B) into cultured hippocampal neurons. Since GFP labeled the N-terminus of the GluN2 subunit, live cellsurface staining with anti-GFP antibody was used to detect the surface GFP-GluN2 subunits at different times after transfection [15] . To exclude the cascade reaction of primary and secondary antibodies and shorten the staining time, we generated a Cy3-conjugated Fab fragment of GFP antibody (Fab-Cy3) for surface staining of the GFP-GluN2 subunits.
We found that, at DIV7, more clusters were observed when surface GFP-GluN2B was stained with polyclonal anti-GFP antibody (Fig. 1A , upper panels) compared with FabCy3 staining (Fig. 1A , lower panels). This indicated that the cascade reaction of primary and secondary antibodies and a longer staining time may induce clustering of surface receptors. Therefore, we used Fab-Cy3 in the subsequent experiments, rather than polyclonal anti-GFP antibody, to assess the distribution pattern of surface GFP-GluN2.
To ensure comparability of surface staining, equal amounts of GFP-GluN2B or GFP-GluN2A cDNA were transfected into cultured hippocampal neurons at DIV5.
First, we observed the distribution patterns of the surface GFP-GluN2B and GFP-GluN2A 2 days after transfection (DIV7) and found that most of the surface GFP-GluN2B was diffusely distributed throughout the soma and dendrites with rare clusters (Fig. 1B , upper panels). In contrast, the surface GFP-GluN2A was distributed in a clustered pattern.
Quantitative analysis showed that the density of surface GFP-GluN2A clusters was statistically higher than that of GFP-GluN2B clusters (Fig. 1C) . These results indicated that the surface distribution pattern of NMDARs containing GluN2B is distinct from those containing GluN2A during the early stage of hippocampal neuron development. Then,
we assessed the synaptic localization of surface GFPGluN2A clusters and found that, at DIV7, the density of clusters of synaptophysin, a presynaptic marker, was much lower than that of surface GFP-GluN2A clusters, although most of synaptophysin was co-localized with GFP-GluN2A.
This indicated that the surface GFP-GluN2A clusters were located not only in the synapses, but also in the dendritic shaft and soma (Fig. 1D ).
Next, we examined the surface distribution of GFPGluN2A and GFP-GluN2B at DIV14 and found that, although the density of surface GFP-GluN2B clusters increased significantly ( Fig. 2A, upper panels) , it was still statistically lower than that of surface GFP-GluN2A clusters ( Fig. 2A, lower panels) . We further analyzed the ratio of average immunofluorescence intensity between clustered receptors and diffuse receptors, and found that this ratio for GFP-GluN2A was statistically higher than that for GFP-GluN2B. These results indicated that surface NMDARs containing GluN2A form more clusters than those containing GluN2B in mature hippocampal neurons. In addition, the surface GFP-GluN2A clusters partially colocalized with synaptophysin at DIV14 (Fig. 2D) . Taken together, our data suggested that, compared with surface NMDARs containing GluN2B, those containing GluN2A are more inclined to cluster in both premature and mature hippocampal neurons.
The C-Terminus of the GluN2 Subunit Determines the Distribution Pattern of Surface NMDARs
The GluN2 subunit has a long, intracellular C-terminus which mediates the intracellular trafficking and synaptic targeting of NMDARs [16, 17] . To assess whether it contributes to the distribution patterns of surface NMDARs, we constructed the chimeric mutants GFP-GluN2B-C GluN2A and GFP-GluN2A-C GluN2B , in which the C-termini of GluN2A and GluN2B were completely exchanged (Fig. 3A) . We found that the surface density of GFP-GluN2B-C GluN2A clusters at DIV7 was significantly increased and did not statistically differ from that of GFP-GluN2A clusters (Fig. 3B) . In contrast, the surface GFP-GluN2A-C GluN2B was distributed in a more diffuse pattern, similar to that of GFP-GluN2B.
The surface density of GFP-GluN2A-C GluN2B clusters was signifi cantly lower than that of GFP-GluN2A. These results indicated that the surface distribution pattern of NMDARs depends on the C-terminus of GluN2.
The last four amino-acids (ESDV) of GluN2 form the PDZ-binding domain, which directly interacts with proteins of the PSD-MAGUK family and mediates the clustering and synaptic targeting of NMDARs [9, [18] [19] [20] . To assess the role of this domain in the distribution pattern of different NMDAR subtypes, we generated a mutant construct of GluN2A with the last seven amino-acids deleted (GFP-GluN2A-Δ7) (Fig.   3A ) and found that the surface density of GFP-GluN2A-Δ7
clusters was signifi cantly lower than that of surface GFPGluN2A clusters. However, the surface density of GFPGluN2A-Δ7 clusters was still higher than that of GFPGluN2A-C GluN2B clusters (Fig. 3C ). This indicated that the PDZ-binding domain of the GluN2A subunit partially determines the distribution pattern of GluN2A-containing NMDARs.
Previous work suggests that YEKL in the distal C-terminus of the GluN2B subunit is a binding site for AP-2, which is pivotal in determining the synaptic localization of GluN2B-containing NMDARs (Fig. 3A) . Interestingly, the GluN2A subunit has a similar motif (YKKM), but this motif is not a substrate for AP-2 binding [12, 19, 21] . To determine the role of this motif in the distribution patterns of different NMDAR subtypes, we generated a construct, GFP-GluN2A-Mut3, in which the GluN2A YKKM motif was mutated to YEKL (Fig. 3A) . We found that the surface density of GFPGluN2A-Mut3 clusters did not differ from that of GFPGluN2A clusters (Fig. 3C) , suggesting that the YEKL motif is not important in the determination of NMDAR distribution patterns.
PSD-95 Specifically Associates with Surface GluN2A-containing NMDAR Clusters in Hippocampal Neurons
Our results above indicated that the C-terminus of GluN2 mediates the differential surface distribution pattern between GluN2A-and GluN2B-containing NMDARs.
MAGUKs family proteins, including PSD-95 and SAP102, are the major postsynaptic proteins that bind to NMDARs via the cytoplasmic tail of the GluN2 subunit. To determine whether association between surface NMDARs and MAGUKs also occurs in a GluN2-dependent manner, we tested the co-localization of MAGUKs (PSD-95 and SAP102) with surface GluN2 subunits (GluN2A and GluN2B). We first co-transfected hippocampal neurons at DIV5 with ECFP-GluN2A or ECFP-GluN2B and PSD-95-GFP and analyzed the co-localization of surface GluN2 clusters with PSD-95-GFP at DIV14 (Fig. 4A, B) .
We found that most of the surface GluN2B clusters were not concentrated at the sites of PSD-95 puncta, while the surface GluN2A clusters were highly co-localized with PSD-95 puncta (Fig. 4E) . Next, we co-transfected cultured hippocampal neurons with SAP102-GFP and ECFP-GluN2A or ECFP-GluN2B, and found that both the surface GluN2B clusters and the surface GluN2A clusters co-localized well with SAP102-GFP ( Fig. 4C-E) . These data showed that PSD-95, but not SAP102, is specifi cally associated with surface NMDARs containing GluN2A, indicating that PSD-95 is involved in determining the distribution pattern of different NMDAR subtypes.
Interestingly, the surface density of ECFP-GluN2B clusters was significantly increased when co-expressed with SAP102-GFP (Fig. 4F) , suggesting that overexpression of SAP102 induces the clustering of GluN2B-containing
NMDARs.
The C-Terminus of GluN2A Determines the Specific
Association of Surface GluN2A-containing NMDARs with PSD-95
To identify the structural basis of the specific association of GluN2A with PSD-95, we co-transfected neurons with CFP-GluN2B-C GluN2A or CFP-GluN2A-C GluN2B and PSD-95-GFP (Fig. 5A ) and analyzed the co-localization ratios of the surface CFP-GluN2B-C GluN2A or CFP-GluN2A-C GluN2B clusters with PSD-95. We found that the surface GluN2A-C GluN2B was distributed more diffusely and showed little co-localization with PSD-95 puncta. In contrast, surface GluN2B-C GLluN2A clusters were highly co-localized with PSD-95 puncta (Fig. 5B) . These results indicated that the C-terminus of GluN2 is critical to the different association between NMDAR subtypes and MAGUKs proteins.
Next, we co-transfected neurons with ECFPGluN2A-Δ7 and PSD-95-GFP, and found that the colocalization level of surface ECFP-GluN2A-Δ7 clusters with PSD-95 was significantly decreased compared to that of surface ECFP-GluN2A with PSD-95 (Fig. 5A ). However, it was still higher than the co-localization level of surface GluN2A-C GluN2B with PSD-95 (Fig. 5B) . When ECFPGluN2A-Mut3 and PSD-95-GFP were co-transfected into hippocampal neurons, the surface ECFP-GluN2A-Mut3 clusters co-localized with PSD-95, and did not differ from that of ECFP-GluN2A. Taken together, these data indicated that the PDZ-binding domain of the GluN2A subunit partially determines the specific association of GluN2A-containing NMDARs with PSD-95.
Expression of the GluN2A Subunit Promotes Clustering of PSD-95 in Cultured Hippocampal Neurons
Previous work has shown that the distribution of both endogenous and exogenous PSD-95 protein changes from a diffuse to a clustered pattern in cultured neurons during development [22] . Here, we also found that PSD-95-GFP was diffusely distributed at DIV7 when transfected alone into cultured hippocampal neurons (Fig. 6A) . Interestingly, the density of PSD-95-GFP puncta significantly increased at DIV7 when co-expressed with ECFP-GluN2A, compared with expression alone or co-expression with ECFP-GluN2B (Fig. 6B) . Furthermore, PSD-95 puncta were highly colocalized with surface GluN2A-containing NMDAR clusters (Fig. 6C) . Together with our finding that overexpression of SAP102 induced the clustering of surface GluN2B-containing NMDARs, these results suggested that the distribution pattern of MAGUK proteins or GluN2 subunits is tightly controlled by their expression levels.
DISCUSSION
Previous studies have shown that the GluN2 subunit determines many of the biophysical and pharmacological properties of NMDARs, and also influences NMDAR assembly, downstream signaling, receptor traffi cking, and synaptic localization [23] [24] [25] . In this study, we found that the GluN2 subunit is also responsible for the distinct surface distribution patterns of different NMDAR subtypes. Our results showed that surface NMDARs containing GluN2A were inclined to cluster, while those containing GluN2B
were much more diffusely distributed along the dendrites in both immature and mature hippocampal neurons.
However, the functional difference between the clustered and the diffuse receptors remains unclear. It is known that receptor clustering is an active process that includes the interaction of receptors with intracellular scaffold proteins, co-transfection with PSD-95 and Kv 1.4 results in clustering of both molecules [26] . Together with our study, these results indicate that the interaction between MAGUK and receptors encourages the formation of functional clusters.
Some other studies have reported that receptors within clusters are more stable than those outside of clusters [27] .
Therefore, another possibility is that the surface stability of different NMDAR subtypes is distinct. It may be that the surface NMDARs containing GluN2A do not readily undergo endocytosis, while those containing GluN2B are dynamically exchanged by endocytosis or exocytosis [28, 29] .
Our results showed that the entire C-terminus of the internalization of surface NMDARs [30] . It will be interesting to explore the role of palmitoylation in the surface distribution patterns of NMDARs.
Previous studies indicate that interactions of the PSD-MAGUK family with NMDARs are subtype-dependent.
SAP102 preferentially associates with GluN2B-containing NMDARs, while PSD-95 associates with those containing
GluN2A. Another study showed that di-heteromeric GluN1/ GluN2A and GluN1/GluN2B receptor populations similarly immunoprecipitate PSD-95, SAP102, and PSD-93 in adult rat hippocampus [31] . In this study, we found that PSD-95 specifically co-localized with surface NMDARs containing
GluN2A, but not those containing GluN2B, which suggests that the specific association of PSD-95 with GluN2A is important for the surface distribution pattern of GluN2A-containing NMDARs.
In summary, here, we have demonstrated that different NMDAR subtypes have distinct surface distribution patterns, which are mainly determined by the C-terminus of the GluN2 subunit. The specifi c association of PSD-95 with the GluN2 subunit is also critical for the surface distribution pattern and synaptic localization of NMDARs.
